In designing a super-repellent surface that is not wet to liquids with a lower surface tension than water, micro and nano-scale surface roughness have a great impact in addition to low surface energy. In this study, a super-repellent fabric was fabricated using oxygen plasma etching and plasma enhanced chemical vapor deposition (PECVD) with hexamethyldisiloxane (HMDSO). The influence of dual roughness on wettability in micro and nano-scale structures was analyzed using the contact angles of test reagents whose surface tension ranges from 33-72 dyn cm À1 . The treated fabrics produced dual scale roughness, and exhibited contact angles greater than 160 against the test liquid whose surface tension was greater than 42 dyn cm
Introduction
Similar to the concept of the superhydrophobic surface, 1-3 the superomniphobic surface can be dened as one that gives a contact angle (CA) of greater than 150 against most liquids with lower surface tensions than water. 4 In achieving superomniphobicity, the geometric shape of micro-and nano-pillars on the surface, in addition to a low surface free energy, is known to have great impact. Given that there are limitations in lowering the surface energy of a solid, the geometric surface structure has a more decisive impact on the repellency of low surface tension liquids.
Some studies, including that of Tuteja et al.
4
, theoretically explained how to obtain inherently repellent surfaces by forming the 're-entrant' structures at the surface. [4] [5] [6] [7] [8] According to Tuteja et al., 4 when the re-entrant geometric angle (j) of a surface feature is smaller than the Young's contact angle, q e , 9 the CA of a liquid cannot advance forward; instead pocketed air is maintained, which leads to a Cassie-Baxter state. They stressed the importance of the geometric angle between the surface roughening structure and the substrate surface for the control of the wettability in an effective way. [4] [5] [6] [7] [8] However, there has been not enough data on the geometric parameters of the roughening structures such as the height, width, and thickness of the re-entrant structures. More studies need to be conducted on the parameters of surface structures to implement superomniphobicity.
Self-cleaning effects on superhydrophobic surfaces are shown when a weakly adhered soil on the surface gets easily removed by a water droplet to be rolled off together. [10] [11] [12] In a Cassie-Baxter state in which the adhesion between a solid surface and water droplet is reduced by the air pockets present between nano-pillars or hairs, water droplets are easily rolled off the surface. In a Wenzel state where the contact area between a solid surface and water droplets is large, great energy is required to cause water droplets to be separated from the solid interface, thus making the droplets stay on a fabric surface.
12,13
A previous study 13 that examined the inuence of a varying intensity of articial precipitation on self-cleaning effects revealed that water droplets with a relatively smaller size and a lower level of kinetic energy such as fog and mist showed a remarkably lower level of self-cleaning effects than regular rainfall. In other words, if a water droplet with enough kinetic energy causes elastic deformation at the surface, the water droplet can easily adhere to dust particles. Such self-cleaning effects can be realized when soil particles show stronger adhesion to water droplets than to the solid surface. However, the study by Li, et al. on self-cleaning effects argues that if the soil particles are chemically hydrophobic, their adhesion to water droplets will be low, reducing the self-cleaning effect.
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In recent years, a variety of methods for developing selfcleaning textiles were reported based on superhydrophobic surfaces. [14] [15] [16] [17] [18] [19] [20] [21] 23 However, simple evaluation criteria such as contact angle measurements were used to measure the superhydrophobic properties without considering self-cleaning applications. If an effective method of evaluating repellency towards liquids with varied properties is developed using different types of liquids to go beyond water contact angle measurements, it can contribute to adequately evaluating fabric repellency criteria and self-cleaning performance.
This study intends to analyze the respective effect of microand nano-scale roughness on the wetting properties of liquids with a wide range of surface tensions and to evaluate the selfcleaning performance for solid particles. Major design factors for a super-repellent textile surface were analyzed for textile substrates with varying levels of surface roughness.
To this end, a super-repellent textile surface was prepared on a polyethylene terephthalate (PET) woven fabric, where the micro-scale roughness was controlled through the number of laments per yarn, such as 36, 72, and 144 laments per yarn. On a fabric with innate micro-scale roughness, nano-scale roughness was additionally incorporated using plasma etching over different time periods.
A mixture of isopropyl alcohol and deionized water was prepared as a test solution whose surface tension ranges between 33-72 dyn cm À1 . The contact angle of the test solution was measured to investigate the level of repellency of fabrics having different surface roughness. Also, the self-cleaning performance of the treated fabrics was examined for solid particles. The inuence of the chemical properties of solid particles on the self-cleaning effects was discussed.
Experimental
Materials 100% polyethylene terephthalate (PET) lm and a plain weave fabric comprising 75 denier yarn were used ( Table 1 ). The number of laments comprising the yarn was diversied into 36, 72 and 144 in order to create micro-roughness on different scales at the fabric substrate and to assess the inuence of micro-scale roughness on the hydrophobicity. Fabrics were prepared in the same density with untwisted yarns. Fabric specimens underwent a de-sizing and scouring process. De-sizing and scouring solution was prepared with 5 g L À1 sodium dodecyl benzene sulfonate (60%) and 5 g L
À1
anhydrous sodium carbonate in a liquor ratio of 30 : 1. The fabrics were immersed in the solution for 1 hour at 90 C, then were rinsed 5 times, and naturally dried. For plasma treatment, oxygen gas (99.99% in purity) and hexamethyldisiloxane gas (Sigma-Aldrich, USA) were used.
Plasma treatment
For plasma treatment, a custom-made radio frequency glow discharge plasma system was used. The plasma process consisted of (1) plasma etching using oxygen gas to create nanoscale roughness, and (2) plasma enhanced chemical vapor deposition (PECVD) with hexamethyldisiloxane (HMDSO) compounds. For plasma etching, specimens (2 cm Â 8 cm) were attached on a stainless cathode plate inside the chamber. The chamber pressure was set at 1 mTorr, then oxygen gas was injected at 4 cm 3 min À1 . The chamber was stabilized until the chamber pressure reached 30-70 mTorr. A bias voltage of 400 V was applied to the cathode to ionize the oxygen gas that etched the specimen. Etching time was varied between 0, 1, 2, 3, 5, 7, 10, and 15 min respectively, to introduce nano-pillars in various aspect ratios. PECVD was carried out subsequently to oxygen plasma etching to lower the surface energy of the fabric. HMDSO gas was injected at 10 cm 3 min À1 , and the chamber pressure was set at 20 mTorr. A bias voltage of À400 V was applied to the cathode, then the ionized HMDSO gas was deposited onto the surface for 30 s. Three kinds of specimens were prepared: HMDSO-deposited fabric specimens having innate micro-scale roughness, plasmaetched lm specimens having nano-scale roughness only followed by HMDSO deposition, and fabric specimens having both micro-and nano-scale roughness with HMDSO deposition. The sample codes for the different processes are summarized in Table 2 .
Surface characterization
In analyzing the surface roughness of the specimens, the study distinguished micro-scale roughness resulting from the waviness of lament bers and yarns, and nano-scale roughness resulting from the nano-pillars formed by plasma etching. To calculate the solid fraction of micro-scale and nano-scale roughness respectively, the Cassie-Cassie model suggested by Rahmawan et al. 20 was applied.
Wettability
The static contact angle and shedding angle were measured at room temperature using a Theta Lite Optical Tensiometer (KSV Instruments, Finland). To measure the static contact angle of the specimen, a 3.3 AE 0.3 mL water droplet was dropped vertically from a 1 cm height onto the specimen, and the contact angle was measured aer 1 s. Ten measurements were made for the static contact angle from different locations on a specimen, and the average value was used for the analysis.
To evaluate the level of anti-wettability or repellency, the contact angle of liquids with different surface tensions was measured, using a test reagent formulated using AATCC test method 193. 24 AATCC test method 193 indicates that varying grades of repellency can be tested using a test reagent whose surface tension is controlled by the mixing ratio of water to isopropyl alcohol. The compositions of the test reagent and the surface tensions are seen in Table 3 .
Self-cleaning effect
The self-cleaning performance was evaluated by simulating a phenomenon in which liquid droplets pick up solid particles when rolling off the surface. To identify the inuence of the solid particle properties on the self-cleaning effect, two different types of solid particles were used, which included silicon carbide and Sudan Black B. Both had particle sizes in the 5-20 mm range. The fabric E3_144f was used for the evaluation of the self-cleaning effect using water, while specimen E7_144f was used for the self-cleaning effect using 10% isopropyl alcohol (AATCC test reagent). On both fabrics, the water shedding angle was less than 1 . 0.5-0.8 g of solid particles were sprinkled over a fabric specimen that was xed on a cradle. Then liquid droplets were precipitated on the fabric surface, tilting the cradle at an angle of 1 , in order to examine whether the dust particles were rolled off together with the liquid drops. Similarly to the shedding angle measurement, a self-cleaning effect was determined if liquid droplets rolled more than 2 cm away, with adhering solid particles. The self-cleaning process of picking up solid particles and removing them through the rolling off of the liquid drops was video-recorded.
Results and discussion
Inuence of dual-scale roughness on wettability for liquids of varying surface tension A super-repellent surface, on which liquid drops can easily roll off, can be protected from being tainted with liquid contaminants, even those with a lower surface tension than water, thus this type of material would be of great use in our everyday lives. The wettability of a liquid can be inuenced by such factors as surface tension, viscosity, temperature and polarity. In this study, a mixed solution of water and isopropyl alcohol was used as a test reagent to compare the wettability of fabrics with different dual micro/nano-scale roughness. All other liquid properties except for surface tension were not considered in this work. Thus, it should be noted that as the liquid soil that we are exposed in our everyday life has varying degrees of viscosity and polarity as well as surface tension, the wettability test in this study can provide only limited usefulness with regards to the varied surface tension of liquids. Table 4 shows the contact angles of liquids with different surface tensions on fabrics treated using plasma-etching and HMDSO-deposition. The results show that the contact angle was reduced with a decrease in the surface tension of the liquid. Plasma etching of 7 min or longer was required to exhibit repellency against the tested liquid down to 42 dyn cm À1 , in which the solution droplets roll off the surface at the moment they are precipitated onto the surface. In a reagent with an isopropyl alcohol ratio of 20% and a surface tension of 33 dyn cm À1 , the contact angle in lm H (a lm with HMDSO coating) was measured at 56.3 , while the fabric showed complete wetting 1-5 s aer precipitation. For the liquid with a surface tension of 33 dyn cm À1 , the fabric surface roughness seemed to enhance the wetting. Fig. 1 presents a liquid droplet on some fabric specimens. For a at surface like a lm, it is expected that the contact angle will decrease with a reduction in surface tension according to the Young's model. 9 According to the Wenzel model, 25 if the contact angle at a at surface (q e ) is smaller than 90 , the surface roughness will contribute to reducing the contact angle. However, from the contact angles of the 5% and 10% isopropyl alcohol solution in Table 4 , although q e of H_lm was smaller than 90 , the fabric specimens 36f, 72f and 144f with increased roughness exhibited an increase in contact angle. The reason for the opposing results against expectations from the Wenzel model could be explained through the role of "re-entrant structures". According to the study by Tuteja et al., 4 a re-entrant structure can create a condition in which pocketed air can be formed, as long as the contact angle at a at surface (q e ) is greater than the re-entrant angle (j) presented in Fig. 2 , no matter what q e is.
If the theory of "re-entrant structures" is to be applied to this study, it can be presumed that, as the contact angle q e of 10% isopropyl alcohol was measured as 73. 5 at H_lm, the nonwetting status could be maintained when j was smaller than 73.5 . In this study, nano-pillars stood in a vertical direction on the ber surface, and there was a disparity in thickness between the tips and bottoms of these nano-pillars, which suggests the presence of re-entrant structures as suggested in Fig. 3 (ref. 22 ) and 4. The nano-pillar was formed then its length increased as the etching depth increased. Also, the tip of the pillar turned into the re-entrant structure as described by Tuteja et al., clearly as the etching time increased. Fig. 4 shows an enlarged image of a nano-pillar in a tilted image and an illustration of how the tips of the nano-pillars form a re-entrant angle.
4
The effect of dual scale roughness on superhydrophobicity
As a dual-structured surface structure has emerged as an inuential factor in superhydrophobicity, a number of studies have been conducted on predicting the wettability of a liquid on a solid surface with a dual roughness structure.
4-10,14-19
The Cassie-Baxter model 26 is based on the presumption that if a surface has a one-dimensional single structure, the solid fraction of water droplets on the surface structure has a significant inuence on the wettability. However, as the importance of the inuence of a dual scale structure on superhydrophobicity has been emphasized recently, there have been several attempts to use modied Cassie-Baxter models to predict the wettability of a surface with hierarchical dual scale roughness.
The study by Rahmawan et al. 20 classied the wetting state into four types based on the assumption that the wettability on a micro-scale roughness surface and on a nano-roughness surface can change, respectively, depending on the Wenzel state and the Cassie-Baxter state. 20 Among the four types of wetting state, the Cassie-Cassie state is a condition in which both the micro-and nano-scale pillars are not wetted; the Wenzel-Cassie state is a condition in which the micro-scale pillars are wetted, while the nano-scale pillars are not; the 
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Cassie-Wenzel state is a condition in which the micro-scale pillars are not wetted, while the nano-scale pillars are; and the Wenzel-Wenzel state is a condition in which both the microand nano-scale pillars are wetted. 20 The models in each state are demonstrated in the following.
cos q cc ¼ f m f n (cos q e + 1), Cassie-Cassie state cos q wc ¼ R m {f n (cos q e + 1) À 1}, Wenzel-Cassie state cos q cw ¼ R n {f m (cos q e + 1) À 1}, Cassie-Wenzel state cos q ww ¼ R n R n cos q e , Cassie-Wenzel state where f m : solid fraction of water droplets on the micro-scale surface structure, f n : solid fraction of water droplets on the nano-scale surface structure, R m : roughness factor of the Wenzel model on the micro-scale surface structure, R n : roughness factor of the Wenzel model on the nano-scale surface structure, q e : contact angle for Young's model, q cc : contact angle for the Cassie-Cassie model, q wc : contact angle for the Wenzel-Cassie model, q cw : contact angle for the Cassie-Wenzel model, and q ww : contact angle for the Wenzel-Wenzel model.
Though direct evidence is lacking to show that the contact of a liquid on the fabric surface follows the Cassie-Baxter model, we speculated that it follows the Cassie-Baxter state from the following phenomena. First, the contact angle on the treated surface was maintained as large as 140 (or greater) for longer than 5 min. This suggested that the liquid drop was held by entrapped air instead of being penetrated through nano-pillars or ber interstices. Second, for the fabrics treated both using etching and HMDSO coating, the shedding angle of water was less than 10 , and this low shedding angle suggested that the contact area between the liquid and fabric surface was minimal, leading to the easy roll-off of liquid drops. From those observations, it was assumed that there exists entrapped air between the nano-pillars and bers, and the wetting state follows the Cassie-Baxter model. To examine the inuence of micro/nanoscale dual roughness on wettability, this study applied the equation of the Cassie-Cassie model suggested by Rahmawan et al. 20 The solid fraction on the micro-scale roughness of a fabric (f m ) was estimated as 0.22-0.28 from the following Cassie-Baxter eqn (1). That is, q CB was measured from the water contact angles on H_36f, H_72f, and H_144f; q e is measured from the water contact angle on H_lm; and f m was estimated from eqn (1) with the measured q CB and q e . f m values for H_36f, H_72f, and H_144f were estimated as 0.28, 0.27 and 0.22 respectively.
Prediction of Cassie-Cassie contact angles for samples E1-E15 were made using the respective f m values for 36f, 72f, and 144f (Table 5) . Also, the solid fraction on a nano-scale structure (f n ) was calculated by using the following eqn (2) suggested by Cha et al. 27 on the assumption that pillars of a column shape were distributed at an approximately uniform interval. The solid fraction 'f n ' was calculated by substituting actual values measured through the SEM images of the lm specimens for 's' (thickness of nano-pillars) and 'd' (interval between nanopillars).
The reason that we used the lm instead of a fabric in measuring the nano-pillar size is that (1) a lm and a fabric made of the same polymer usually show a similar etching tendency, (2) nano-pillars on the at lm surface were thought to give a more accurate measurement of the nano-pillars due to the waviness of a fabric substrate.
In Table 5 , f n of the dual roughness structure was calculated through the Cassie-Cassie model, and the wettability in terms of q cc was predicted. The solid fraction of the nano-scale structure (f n ) gradually declined from 0.49 as the etching time was increased, and dropped to as low as 0.02 aer 15 min of etching. The predicted contact angle was increased from 152 to 174 with the lapse of etching time. The actual measurement values were slightly higher than the predicted values; however, the results support the assumption that water droplets on a plasma-treated fabric were in the Cassie-Cassie state in which both the micro and nano-scale pillars were not wetted. The reason that the actual measurement values were higher than the predicted values can be explained from the following. The calculation process of f n in the Cassie-Cassie equation was based on the assumption that nano pillars of a cylindrical column shape were distributed at a uniform interval. However, from the SEM observations, the thickness of the nano-pillars between the tip and the bottom differed (Fig. 4) . The disparity in thickness between the tip and the bottom of the nano-pillars became larger as the etching time was prolonged. Therefore, as the etching time got longer, the tips of the nano-pillars formed were more like re-entrant structures, and these partially formed re-entrant structures caused a gap between the predicted and actually measured values. Fig. 4 Partial re-entrant geometry at the head of the nano-pillars: (a) SEM image of film etched using oxygen plasma for 10 min (the specimens were observed at a 30 tilted angle. Magnification: Â80 000), (b) illustration of the partial re-entrant structure of the produced nano-pillar. Theoretical prediction of the wettability of low surface tension liquids (42 dyn cm À1 )
To investigate the wettability of the test reagent whose surface tension is lower than water, the wetting states were analyzed by applying the same Cassie-Cassie and Cassie-Wenzel models. Table 6 shows the contact angle of 10% isopropyl alcohol predicted by the Cassie-Cassie and Cassie-Wenzel equations. f n , the solid fraction for nano-scale roughness in the Cassie-Cassie model was estimated from eqn (2) ( Tables 5 and 6 ). r f , the roughness factor for nano-scale roughness in the Cassie-Wenzel model was estimated using eqn (3) following Wenzel's denition. 25, 27 The estimated roughness factors f n and r f were used as inputs to calculate q cc (the contact angle predicted by the Cassie-Cassie model) and q cw (the contact angle predicted by the Cassie-Wenzel model) ( Table 6 ).
The actual contact angles of the specimens treated for 1 min and 2 min with plasma etching lay between the predicted values from the Cassie-Cassie and the Cassie-Wenzel models. Therefore, the wetting state on these surfaces appeared to be in a transitional state where the nano-pillars are partially wetted. Aer 3 min of etching, the actual contact angles were similar to or higher than the predicted contact angles from the CassieCassie model. Thus, it seemed that if the aspect ratio of the nano-pillars was adequately increased, the wetting state could shi from the transitional state to the Cassie-Cassie state. The disparity between the actual measurements and the predicted values appeared aer 7 min of plasma etching, probably due to the partial formation of re-entrant structures as was demonstrated earlier.
Self-cleaning effect using water
For the self-cleaning test, silicon carbide and Sudan Black B were employed as hydrophilic and hydrophobic model particles, respectively.
28 Fig. 5 shows the recorded images of the selfcleaning phenomenon using water droplets, which were captured at an interval of 0.32 s. Fig. 5(a) presents the images for the removal of silicon carbide, and Fig. 5(b) displays the removal of Sudan Black B. The fabric specimen used for the test was E3_144f which exhibited a shedding angle of less than 1 using water. Both silicon carbide and Sudan Black B particles were removed by the rolling off of water droplets, and the distance of the rolling off was greater than 3 cm. Nishimoto and Bhushan 10 reported that when water droplets roll off a surface that is soiled with hydrophobic solid particles, water droplets usually fail to pick up the hydrophobic particles, leaving the solid particles on the surface. In other words, if the adhesion between a hydrophobic surface and hydrophobic particles is relatively stronger than that between water droplets and hydrophobic particles, the roll-off of hydrophobic soil particles can be limited. In contrast to such a theoretical argument, the experiment in this study showed that the removal of both hydrophilic (silicon carbide) and hydrophobic (Sudan Black B) soil particles was possible by the rolling off of water. This might be due to the signicantly lowered work of adhesion, resulting from the reduced contact area between the soil particles and roughened fabric.
Self-cleaning effect using 10% isopropyl alcohol Fig. 6 presents the video-recorded images of the self-cleaning phenomenon using 10% isopropyl alcohol, where solid particles were adsorbed and removed from the specimen E7_144f by the liquid drops. With 10% isopropyl alcohol, the removal of solid particles of silicon carbide and Sudan Black B was difficult. Although there was no solid particles le on the roll-off path of the liquid, there were no droplets that rolled more than 2 cm away. The average roll-off length for silicon carbide was 0.56 cm, while that for Sudan Black B was 0.36 cm. Based on the results, it can be presumed that liquid drops with a surface tension lower than water might be difficult to maintain in a spherical shape during the roll-off, and aer picking up solid particles, the droplets could not roll off easily due to a lack of kinetic energy. In the meantime, the test with 10% isopropyl alcohol failed to observe any possible inuence of the chemical properties -hydrophilic or hydrophobic -of soil particles on the self-cleaning effect.
Conclusion
A super-repellent fabric was fabricated using plasma etching and HMDSO vapor deposition, and the inuence of dual roughness in micro and nano-scale structures on the wettability was analyzed. To assess the wettability of the treated fabric, the contact angles were measured using a test reagent whose surface tension was controlled through mixing with isopropyl alcohol. The fabrics with dual-scale roughness showed a level of repellency with a contact angle larger than 160 against the test liquid whose surface tension was as low as 42 dyn cm À1 (10% isopropyl alcohol in aqueous solution). The water-wetting behavior of the treated fabrics with dualscale roughness followed the Cassie-Cassie model, where both the micro-scale bers and nano-scale pillars were not wetted. For the liquid with a surface tension of 42 dyn cm À1 (10% isopropyl alcohol), the wetting behavior of the 1-2 min etched fabrics followed the Cassie-Wenzel state, where only the nano-pillars were wetted; then as the aspect ratio of the nanopillars was increased, it shied to the Cassie-Cassie state.
With the increased etching time, the actual contact angles measured were larger than those predicted using the CassieCassie model, which may have resulted from the formation of partial re-entrant structures at the tips of the nano-pillars. The self-cleaning effect was demonstrated for solid particles including silicon carbide and Sudan Black B that adhered on the treated fabric surface. Soiled particles adhered to water drops and rolled off from the surface at a tilting angle of 1 .
Future study is recommended to include various liquids with different viscosities and polarities, to lead to the development of a superomniphobic fabric that is repellent to most liquid pollutants with a wider range of properties.
